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Mold ͑also termed "template"͒ quality is of fundamental importance to nanoimprint lithography ͑NIL͒. Two important challenges in NIL mold production are ͑i͒ the faithful duplication of existing NIL molds and ͑ii͒ the production of NIL molds with features beyond traditional nanopatterning capabilities. The technology presented addresses both issues and presents several advantages over other replication methods. Polymer-only mold replication methods 1 suffer from solvent compatibility issues and are not suitable for use with typical NIL mold release coatings. Nanotransfer printing 2 produces a conformal layer of material that is then attached to a different substrate, but it relies on tailored surface chemistries for adhesion and is thus restricted to a narrow range of materials. Our technique can be applied to a wide range of materials commonly used to fabricate nanostructures.
High quality ͑large area, small feature size, high feature density, and smooth sidewall͒ NIL molds are difficult and expensive to produce by traditional nanofabrication techniques, because NIL molds are 1X masks. Therefore, to reduce total cost and increase overall throughput, identical "daughter" molds are often replicated from an original "master" mold by a process of imprint, reactive ion etching ͑RIE͒, and, in some cases, lift-off. Although NIL has demonstrated high fidelity in pattern transfer ͑such as 6 nm half-pitch polymer gratings 3 and 2 nm wide isolated polymer lines 4 ͒, the process ͑e.g., RIE and lift-off͒ that transfers resist patterns into hard NIL mold materials ͑e.g., SiO 2 ͒ suffers from severe pattern distortion and increased line edge roughness ͑LER͒. As a result, the daughter molds ͑replicas͒ are of a far poorer quality than the master ͑original͒ and cannot reproduce the intended patterns accurately. Increased LER is caused by etching anisotropy, random motion of etchant ions, polymer resist chemistry, etch mask decay, resist collapse, and others. [5] [6] [7] The detrimental effects of LER are well known for electronic 8 and photonic 9 devices. As the critical dimensions of nanostructures decrease further, LER becomes a significant fraction of the feature size and thus a limit to the production of high quality NIL molds-according to the International Technology Roadmap for Semiconductors, the trench width roughness required by 2012 will be less than 1.5 nm. 10 Therefore, there is a need for a pattern transfer process without using etching.
Besides NIL mold duplication, certain unconventional processes for NIL mold fabrication also require a pattern transfer method that avoids etching. For example, guided self-assembly, such as block copolymer phase separation 11 or lithographically induced self-assembly, 12 can achieve nanostructures with feature size and packing density much higher than that of traditional master mold fabrication methods ͑e.g., electron-beam lithography and laser interference lithography͒. However, an effective method for transferring self-assembled polymer nanostructures into a hard NIL mold without severe distortion is a major challenge.
Here we demonstrate a solvent-free, etch-free technique for the faithful replication of nanostructures in polymer material into hard NIL mold. We have demonstrated high resolution and large area without introducing additional line edge roughness associated with conventional etching. In this process, a thin hard film, amorphous silicon ͑a-Si͒, for example, is deposited using room-temperature conformal plasmaenhanced chemical vapor deposition onto polymer nanostructures which can be either imprinted or self-assembled. The a-Si film is then attached to another substrate and is separated from the original polymer nanostructures, forming a NIL mold on the second substrate which is the inverse of the original polymer nanostructures.
To demonstrate the effectiveness of our method to faithfully reproduce nanostructures over large areas, we reproduced a 200 nm pitch grating mold originally fabricated by laser interference lithography. The process we implemented for reproducing a NIL mold consists of the following steps, shown in Fig. 1 , and discussed in detail below: ͑1͒ thermal imprint ͑T-NIL͒ using a 200 nm pitch grating master mold and thermoplastic resist; ͑2͒ conformal plasma enhanced chemical vapor deposition ͑PECVD͒ of a thin layer of a-Si onto the imprint resist; ͑3͒ bonding of the a-Si layer to a second substrate ͑i.e., back plate of the replica mold͒ by UV-cure adhesive; and ͑4͒ separation of the master mold from the duplicated mold, resulting in the transfer of the a-Si a͒ Author to whom correspondence should be addressed; electronic mail: chou@princeton.edu layer from the original pattern to the second substrate.
We started with a 200 nm pitch grating master mold, 180 nm deep gratings in thermal silicon dioxide, with a duty cycle of approximately 0.5, which has been treated with a mold release agent monolayer to reduce adhesion between the mold and imprint resist. A Si substrate was spin coated with 220 nm of thermoplastic imprint resist for NIL. The imprint step was performed in a Nanonex NX2000 at 200 psi and a process temperature of 130°C for 2 min ͓Fig. 1͑a͔͒.
Once the imprint step was complete, the substrate with imprinted resist was placed in a PlasmaTherm 790 PECVD chamber for deposition ͓Fig. 1͑b͔͒. The PECVD step was carried out at 25°C, under the following conditions: 500 mTorr, 20 W / cm 2 , and 75 SCCM ͑SCCM denotes cubic centimeter per minute at STP͒ of SiH 4 ͑2% in He͒. Typical deposition rates were 10 nm/ min. Typical a-Si film thicknesses were 100-200 nm.
To transfer the patterned a-Si thin film into a mold, we bonded the back surface of the thin a-Si film to a flat quartz substrate using a thin liquid UV-cure adhesive ͑made inhouse͒ between the back surface of the thin film and the substrate. The wafers were placed in a Nanonex NX2000, and the UV adhesive was photocured for 60 s under 100 psi pressure ͓Fig. 1͑c͔͒. The adhesive has properties similar to a glass after the curing due to photoinduced cross-linking of its polymer components. After UV curing, the front surface of the a-Si film was separated from the original resist patterns by mechanical separation ͓Fig. 1͑d͔͒.
Finally, an oxygen plasma RIE was used to remove any remaining thermal imprint resist on the a-Si front surface ͓Fig. 1͑e͔͒. A mold release agent was applied to the a-Si layer, and the a-Si on quartz replica mold was used as a mold for thermal imprint in a typical fashion.
In order to determine the fidelity of the mold replication, we examined high resolution scanning electron microscope ͑SEM͒ images of both the profile and the sidewalls of the 200 nm period gratings at each step during the replication process to verify conformality or detect the presence of thermal or plasma damage. A SEM image of the thermoplastic NIL resist after nanoimprint with a 200 nm pitch grating master mold is shown in Fig. 2͑a͒ . Figure 2͑b͒ shows the conformal nature of the PECVD deposition. Unlike line-of sight deposition methods, such as thermal or electron-beam evaporation, the PECVD process conformally coats the top surface of the imprinted polymer, FIG. 1. ͑Color online͒ Schematic of the imprint mold replication process: ͑a͒ A master mold is used to pattern thermoplastic imprint resist by thermal NIL. ͑b͒ A thin film of a-Si is deposited onto the resist by room-temperature conformal PECVD. ͑c͒ The a-Si layer is bonded to a quartz substrate by UV-cure adhesive. ͑d͒ The a-Si layer is separated from the imprint resist leaving ͑e͒ the completed mold replica on the quartz substrate. including the nearly perpendicular sidewalls. At magnifications of 200kϫ, we observed no deformation due to thermal reflow of the imprint resist or plasma bombardment damage under these PECVD conditions. This finding is consistent with the properties of our thermoplastic resist, which has a glass transition temperature ͑T g ͒ of approximately 60°C. A thermocouple built into the PECVD chamber was used to monitor the substrate temperature during depositions. The substrate temperature was not observed to rise above 25°C. We estimate that, due to the high thermal conductivity of the Si substrate, the temperature at the resist surface does not rise significantly above that of the substrate during deposition and does not approach the T g of our thermoplastic imprint resist. As is typical of PECVD, the deposition rate is higher on the top surface of the structure than on the sidewalls. If the deposition were to continue, the "bread-loaf" effect would be observed and an air gap would form as the top surfaces of two adjacent mesas grow together before the gap between them is filled with a-Si. We chose to stop our deposition at the state shown in Fig. 2͑b͒ to prevent the formation of an air gap.
The final mold replica, shown in Fig. 2͑c͒ , consists of a thin layer of a-Si bonded to a second quartz substrate with a layer of UV-curable adhesive. Because the adhesive clings strongly to the a-Si layer after curing, the a-Si layer can be easily transferred to the second quartz substrate. The profile of the original 200 nm pitch grating mold is reproduced, as are smaller features. A careful examination of the sidewalls of the grating mold replica shows the replication of sidewall roughness that occurs during the plasma etch used to produce the original master mold. Figure 2͑d͒ shows the result of thermal imprint using the grating mold replica from Fig.  2͑c͒ . A thermoplastic imprint resist film ͑140 nm thickness͒ was spin coated onto a Si substrate and the grating replica mold was used for imprint, under the same conditions given above: 200 psi, 130°C, and 2 min.
We also used our method to replicate a 1 m pitch grating mold. The master mold used had a series of approximately 50 nm diameter inverted-bowl or pit-shaped defects located at the bottom of the trenches. These defects were reproduced in the imprint resist during T-NIL. Figure 3͑a͒ shows thermal imprint resist imprinted by the master mold, displaying 50 nm scale pitlike features. The roomtemperature conformal PECVD of a-Si fills in the features produced by the mold defects, and after the a-Si layer is bonded and transferred to a quartz substrate, the defects present in the original mold have been faithfully duplicated in the replica mold. Figure 3͑b͒ shows the new a-Si mold, indicating the replicated ϳ50 nm features. Based on this experiment and examination of the sidewalls of the original 200 nm pitch grating mold and the a-Si replicated mold, we find that features smaller than 50 nm are faithfully replicated. In principle, the method demonstrated here is limited only by the ability of the reactant gas to penetrate the features on the original mold and form a deposition product. A limiting factor for our method is the difficulty in using PECVD to fill in high-aspect-ratio trenches. Features as small as sub-10-nm could be replicated, provided the aspect ratio ͑trench depth to width ratio͒ of these features is not too great.
We have demonstrated the reproduction of a 200 nm pitch grating mold over wafer-scale areas. An a-Si layer was transferred over a 2 in. quartz wafer with an area of ϳ20 cm 2 , and an atomic force microscope was used to verify that in each of the indicated areas the original 200 nm pitch grating mold had been replicated.
In summary, we have shown that the use of roomtemperature conformal PECVD and substrate transfer is an effective technique for the replication of wafer-scale NIL molds. Our method is solvent-free, etch-free, and compatible with a wide range of nanofabrication techniques used to produce master molds for NIL. We have demonstrated the replication of 200 nm pitch grating lines and sub-50-nm features reliably over a wafer-scale area without introducing additional line edge roughness associated with conventional mold replication methods. This approach can, in principle, replicate sub-10-nm features without introducing additional LER to the pattern.
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